Oxidative stress has been linked to sperm death and the accelerated senescence of cryopreserved spermatozoa. However, the molecular mechanisms behind this phenomenon remain poorly understood. Reactive oxygen species (ROS) are considered relevant signaling molecules for sperm function, only becoming detrimental when ROS homeostasis is lost. We hereby hypothesize that a major component of the alteration of ROS homeostasis in cryopreserved spermatozoa is the exhaustion of intrinsic antioxidant defense mechanisms. To test this hypothesis, semen from seven stallions was frozen using a standard technique. The parameters of sperm quality (motility, velocity, and membrane integrity) and markers of sperm senescence (caspase 3, 4-hydroxynonenal, and mitochondrial membrane potential) were assessed before and after cryopreservation. Changes in the intracellular thiol content were also monitored. Cryopreservation caused significant increases in senescence markers as well as dramatic depletion of intracellular thiols to less than half of the initial values (P , 0.001) postthaw. Interestingly, very high and positive correlations were observed among thiol levels with sperm functionality postthaw: total motility (r ¼ 0.931, P , 0.001), progressive motility (r ¼ 0.904, P , 0.001), and percentage of live spermatozoa without active caspase 3 (r ¼ 0.996, P , 0.001). In contrast, negative correlations were detected between active caspase 3 and thiol content both in living (r ¼ À0.896) and dead (r ¼ À0.940) spermatozoa; additionally, 4-hydroxynonenal levels were negatively correlated with thiol levels (r ¼ À0.856). In conclusion, sperm functionality postthaw correlates with the maintenance of adequate levels of intracellular thiols. The accelerated senescence of thawed spermatozoa is related to oxidative and electrophilic stress induced by increased production of 4-hydroxynoneal in thawed samples once intracellular thiols are depleted.
INTRODUCTION
Breeding with frozen semen is an indispensable technology for the commerce of equine genetics, and it is a major component of the horse industry. However, the wider use of this biotechnology is constrained as a result of various drawbacks [1] . Sperm mortality during the process is the major drawback, particularly due to a lack of standardization of the procedures and an important stallion-to-stallion variability [2, 3] . Moreover, the life span of the surviving population is reduced [4] , which, by demanding frequent and intensive monitoring of the mares for the best artificial insemination (AI) time, increases AI costs. The reduced life span of cryopreserved spermatozoa has been linked to oxidative stress and mitochondrial malfunction [4, 5] .
Reactive oxygen species (ROS) is a collective term grouping chemical species that are formed upon incomplete reduction of oxygen and that include the superoxide anion (O 2 À), hydrogen peroxide (H 2 O 2 ), and the hydroxyl radical (OH ) [6] . Although they mediate oxygen toxicity, they also operate as intracellular signaling molecules, reacting with specific atoms or target proteins that lead to covalent protein modifications [6] . In spermatozoa, important functions are redox regulated [7] [8] [9] [10] [11] , and one of the earlier events during mammalian sperm capacitation is triggering the production of ROS and regulating production in a time-dependent fashion, including a series of events such as protein phosphorylation. Motility is also regulated through the redox-dependent inactivation of protein tyrosine phosphatases and dual specific phosphatases such as phosphatase and tensin homolog (PTEN) [12, 13] .
Recent equine research revealed spermatozoa have a higher production of ROS due to a more active oxidative phosphorylation (OXPHOS) in highly fertile compared to less fertile spermatozoa [14] . This finding breaks the widely assumed paradigm that ROS are always detrimental for spermatozoa function. On the contrary, ROS are essential regulators of sperm function. To maintain ROS homeostasis, the spermatozoa are equipped with various potent antioxidant defense mechanisms, including protein-based enzymatic scavengers and nonenzymatic means to deal with ROS [15] . One of the most important cellular defenses to maintain ROS homeostasis is the thiol groups of cysteine residues [16] , the most important 1 Supported by the Ministerio de Economía y Competitividad-FEDER, Madrid, Spain (grant AGL2013-43211-R), Junta de Extremadura-FEDER (GR 10010 and PCE1002), and the Swedish Research Councils VR (521-2011-6353) and Formas (221-2011-512). P.M.M. is supported by a predoctoral grant from the Ministerio de Educació n, Cultura y Deporte, Madrid, Spain (FPU13/03991). 2 Correspondence: Fernando J. Peñ a, Veterinary Teaching Hospital, Laboratory of Equine Spermatology and Reproduction, Faculty of Veterinary Medicine, University of Extremadura Avd. de la Universidad s/n, 10003 Cá ceres, Spain. E-mail: fjuanpvega@unex.es being glutathione (GSH), a Cys-containing tripeptide. Though synthesized in the cytoplasm, GSH is also present in the mitochondria [17] .
Cryopreservation imposes dramatic osmotic changes to the spermatozoa and particularly to the mitochondria [18] , leading to mitochondrial dysfunction and increased ROS production [5, 19] , thus altering ROS homeostasis and leading to accelerated senescence of the surviving spermatozoa [4, 20, 21] . We hypothesized that a major component of the alteration of ROS homeostasis after cryopreservation is the exhaustion of intrinsic antioxidant spermatozoa defenses, with particular attention to intracellular thiols. The aim of the present study was to test the hypothesis that intracellular thiols may relate to the functionality of thawed spermatozoa.
MATERIALS AND METHODS

Reagents and Media
Hoechst 33342 (excitation, 350 nm; emission, 461 nm; H3570), CellEvent Caspase-3/7 Green Detection Reagent (excitation, 502 nm; emission, 530 nm; C10423), ethidium homodimer (excitation, 528 nm; emission, 617 nm; E1169), JC-1 (excitation, 514 nm; emission, 529 [monomer form] and 590 [aggregate form]; T3168), and ThiolTracker Violet (excitation, 404 nm; emission, 526 nm; T10095) were purchased from Molecular Probes. Anti-4-hydroxynonenal (4-HNE) antibody (HNEJ-2; ab48506) and goat anti-mouse immunoglobulin G H&L (Alexa Fluor 647; excitation: 652 nm; emission: 668 nm; ab150115) were purchased from Abcam.
Semen Collection and Processing
The semen was obtained from seven fertile stallions (three ejaculates from each) regularly used as semen donors and maintained according to institutional and European regulations. The University of Extremadura approved the studies. The ejaculates were collected during the 2015 breeding season using a prewarmed (428C) and lubricated Missouri model artificial vagina with a filter to separate the gel fraction. The semen samples were immediately transported FIG. 1. Effect of cryopreservation on percentages of fresh and thawed stallion spermatozoa depicting total motility (TM; A) and progressive motility (PM; B) and the changes induced by cryopreservation on sperm velocities (VCL, C; VAP, D; and VSL, E) explored using Computer Assisted Sperm Analysis. Values shown are the mean 6 SEM. *P , 0.05, **P , 0.01.
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to the laboratory for evaluation and processing. The ejaculate was separated in two aliquots, both of which were extended 1:2 in INRA 96 (IMV) and centrifuged at 600 3 g for 10 min. One of the aliquots was further extended in INRA 96 to obtain a concentration of 100 3 10 6 spermatozoa/ml and was kept at room temperature (228C) for analysis as fresh sample control. The other aliquot was extended in freezing medium (Cáceres; University of Extremadura) containing 2% egg yolk, 1% glycerol, and 4% dimethylformamide to 100 3 10 6 spermatozoa/ml. After loading the extended semen into 0.5-ml straws (IMV), the straws were ultrasonically sealed with UltraSeal 21 (Minitube of America) and immediately placed in an IceCube 14S (SY-LAB Neupurkersdorf) programmable freezer. The following freezing curve was used: Straws were kept for 20 min at 228C and then slowly cooled from 228C to 58C at a rate of 0.58C/min and kept for 10 min at 58C. Thereafter, the freezing rate was increased at À308C/min from 58C to À1408C. The straws were then plunged into liquid nitrogen and stored until analysis. For analysis, the straws were thawed in a water bath at 378C for at least 30 sec and diluted in prewarmed INRA 96 extender to a final concentration of 50 3 10 6 spermatozoa/ml. All of the analyses were conducted immediately after thawing.
Spermatozoa Motility
Sperm motility and kinematic parameters were assessed using ComputerAssisted Sperm Analysis (ISAS Proiser). Semen was loaded in a Leja chamber (chamber depth of 20 lm) and placed on a warmed stage at 388C. The analysis was based on an evaluation of 60 consecutive digitalized images obtained using a 103 negative phase-contrast objective (Olympus CX41). At least three different fields were recorded to ensure that at least 200 spermatozoa were analyzed per sample. Spermatozoa with an average path velocity (VAP) , 15 lm/sec were considered immotile, whereas spermatozoa with a VAP . 15 lm/ sec were considered motile. Spermatozoa deviating ,45% from a straight line were cataloged as linearly motile. ). The system was controlled using MACSQuantify software. The quadrants or regions depended on the particular assay to quantify the frequency of each divided sperm subpopulation. Forward and sideways light scatter were recorded for a total of 50 000 events per sample. Nonsperm events were eliminated by gating the sperm population after Hoechst 33342 staining or MitoTracker Deep Red staining (Life Technologies). The instrument was calibrated daily using specific calibration beads provided by the manufacturer, and a compensation overlap was performed before each experiment. The data were analyzed using FlowJo v10 software. Unstained, single-stained, isotype, and Fluorescence Minus One (FMO) controls were used to determine compensations as well as positive and negative events and to set regions of interest.
Flow Cytometry
Simultaneous Determination of Live and Dead Spermatozoa, Caspase 3 and 7 Activity, and Lipid Peroxidation (4-HNE-Positive Cells)
This assay was a slight modification of previously published protocols [22, 23] . CellEvent Caspase-3/7 Green Detection Reagent is a fluorogenic substrate for activated caspases 3 and 7. The reagent consists of a four-amino-acid 
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peptide (DEVD) conjugated to a nucleic acid-binding dye. This cell-permeant substrate is intrinsically nonfluorescent because the DEVD peptide inhibits the ability of the dye to bind to DNA. After activation of caspase 3 and caspase 7 in apoptotic cells, the DEVD peptide is cleaved, enabling the dye to bind to DNA and produce a bright, fluorogenic response with an absorption/emission maxima of ;502/530 nm. Stock solutions of CellEvent (2 mM in dimethyl sulfoxide [DMSO]), ethidium homodimer (1.167 mM in DMSO), and Hoechst 33342 (1.62 mM in water) were prepared. Spermatozoa (5 3 10 6 /mL) in 1 ml of PBS were stained with 2 ll/ml of a stock solution of 0.1 mg/ml of anti-4-HNE primary antibody and incubated at room temperature in the dark for 30 min. Then, the cells were washed with PBS, 2 ll/ml of secondary anti-mouse Alexa Fluor 647 antibody, 2 lM CellEvent, and 0.5 lM Hoechst 33342 and incubated for another 30 min in the dark at room temperature. Then, cells were washed in PBS, and 0.35 lM ethidium homodimer was added to each sample. After incubation for a further 5 min, the samples were immediately run on the flow cytometer. The controls consisted of unstained, single-stained, secondary antibody-only staining, and FMO controls to properly set gatings and compensations. The positive controls for 4-HNE were samples supplemented with 800 lM SO 4 Fe and 1.7 M H 2 O 2 (Sigma) to induce the Fenton reaction. The debris were gated out based on the DNA content of the events after Hoechst 33342 staining.
Flow Cytometric Determination of Intracellular Thiol Content in Stallion Spermatozoa
Intracellular thiol content was determined using previously published protocols for somatic cells [24] . The following stock solutions were prepared: LIVE/DEAD Fixable Far Red Dead Cell Stain Kit (50 ll of DMSO in the LIVE/DEAD vial; Life Technologies) and ThiolTracker Violet (10 mM in DMSO). The samples (1 ml each) containing 6-7 3 10 6 spermatozoa/ml in PBS were stained with 0.5 ll of LIVE/DEAD Fixable Far Red Dead Cell Solution and 0.3 ll of ThiolTracker Violet. After a thorough mixing, the samples were incubated at 388C for 30 min in the dark. Then, the spermatozoa were washed with PBS before reading using the flow cytometer. The spermatozoa were gated out of debris based on forward and side scatter characteristics of the events and on the positivity of live/dead staining. The positive controls were high-quality sperm obtained after single-layer centrifugation [25] , and the negative controls were samples supplemented with 800 lM SO 4 Fe and 1.7 M H 2 O 2 to induce the Fenton reaction. The spermatozoa were classified based in the intensity of the fluorescence signal (arbitrary fluorescence units) using histogram plots after gating out debris.
Evaluation of Mitochondrial Membrane Potential
The lipophilic cationic compound JC-1 (5,5
0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolyl carbocyanine iodine) has the unique ability to 
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differentially label mitochondria with low and high membrane potential. In mitochondria with high membrane potential, JC-1 forms multimeric aggregates emitting in the high orange region (590 nm) when excited at 488 nm. In mitochondria with low membrane potential, JC-1 forms monomers that emit in the green region (525-530 nm) when excited at 488 nm. For mitochondrial membrane potential staining, a 3 mM stock solution of JC-1 (Molecular Probes Europe) in DMSO was prepared. For each sperm sample, 1 ml of sperm suspension in PBS (5 310 6 spermatozoa/ml) was stained with 0.5 ll of the JC-1 stock solution. The samples were incubated at 378C in the dark for 40 min before flow cytometric analysis.
Statistical Analysis
The normality of the data was assessed using the Kolmogorov-Smirnov test. Because the data show equivalence of variance, the results were analyzed by a paired t-test (pre-vs. postthaw) (SPSS 19.0 for Mac). Differences were considered significant when P , 0.05. The results are displayed as the mean 6 SEM. The correlations among assays were investigated by the Pearson correlation test.
RESULTS
Sperm Cryopreservation Impairs Motility, Reducing Sperm Velocity
As expected, the percentages of total and progressive motility were reduced in thawed samples (Fig. 1, A and B) . The percentage of total motile spermatozoa was reduced from 85% 6 4.0% in fresh to 47.5% 6 4.6% in thawed semen (P , 0.001), whereas the reduction in progressive motile spermatozoa was from 57% 6 3.8% to 26.7% 6 3.8% (P , 0.01).
Following the same trend, all sperm mapped velocities were significantly lower in cryopreserved samples (Fig. 1, C-E 
The circular velocity (VCL) dropped from 157.5 6 5.8 to 109 6 6.0 lm/sec (P , 0.01), the VAP from 79 6 2.9 to 57.2 6 3.0 lm/sec (P , 0.01), and the straight line velocity (VSL) from 44 6 2.0 to 33.2 6 2.7 lm/sec (P , 0.05).
Relationships Among Sperm Motility and Velocity and Intracellular Thiols in Cryopreserved Samples
Very high and positive correlations were detected in thawed spermatozoa between the intracellular thiol content of the spermatozoa and total motility (r ¼ 0.931, P , 0.001) and progressive motility (r ¼ 0.904, P , 0.001) (Fig. 2, A and B) . Moreover, the intracellular thiol content was also significantly correlated with the sperm velocities in the thawed samples (VCL: r ¼ 0.835, P , 0.001; VSL: r ¼ 0.702, P , 0.01; VAP: r ¼ 0.826, P , 0.001) (Fig. 2, C-E) .
Cryopreservation Causes Sperm Death and Increases the Percentage of Spermatozoa with Active Caspases 3 and 7
The thawed spermatozoa showed reduced viability, decreasing the proportion of live spermatozoa from 80.6% 6 2.0% in fresh samples to 50% 6 2.5% in thawed samples (P , 0.01) (Fig. 3) . Cryopreservation dramatically reduced the percentage of live spermatozoa not expressing active caspases 3 and 7 from 79.1% 6 3.0% in fresh samples to 37% 6 3.4% in thawed samples (P , 0.001) (Fig. 4) . This effect was due to 
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a significant increase in the expression of active caspases after cryopreservation that occurred both in the population that died during this process and in the one that survived the procedure.
Cryopreservation Increases Production of 4-HNE in Stallion Spermatozoa, Especially in the Subpopulation of Caspase 3-and 7-Positive Spermatozoa
Freezing and thawing also increased the percentage of spermatozoa producing significant amounts of 4-HNE. In fresh samples, only 6.3% 6 2.7% of spermatozoa had detectable amounts of 4-HNE, increasing to 32% 6 3.0% in thawed samples (P , 0.001). When hierarchical gating was applied to identify the subpopulation of spermatozoa with increased 4-HNE, it appeared that this population also showed caspase 3 activity (Fig. 5B) . Interestingly, changes in 4-HNE were parallel to those in caspase 3 activity (Fig. 5B) .
Cryopreservation Causes Depletion of Intracellular Thiols in Stallion Spermatozoa
Freezing and thawing caused a reduction of approximately 50% (80.6% 6 2.9 to 36.2% 6 3.1) of the initial levels (P , 0.001) of intracellular thiol content in thawed samples (Fig. 6 ).
Relation Among Intracellular Thiol Content, 4-HNE, and Caspase 3 Active Spermatozoa in Stallion Ejaculates
When relations among thiol content and live spermatozoa, caspase 3 activity, and the presence of 4-HNE were explored, highly significant correlations appeared (Fig. 7) . The percentage of live spermatozoa without active caspase 3 correlated with intracellular thiol content (r ¼ 0.996, P , 0.001). Negative correlations were detected between spermatozoa with active caspase 3 and thiol content both in live (r ¼À0.896) and dead (r ¼ À0.940) spermatozoa, whereas 4-HNE levels negatively correlated with thiol levels (r ¼ À0.856). All of the correlations were highly significant (P , 0.001).
Intracellular Thiol Content in Ejaculated Spermatozoa Correlates with Outcome of Cryopreservation
The intracellular thiol levels in the fresh stallion spermatozoa correlated with the outcome of cryopreservation. The thiol levels in the fresh samples correlated with the percentage of total motility (r ¼ 0.602, P , 0.05) and progressive motility thaw (r ¼ 0.638, P , 0.01) postthaw. The intracellular thiol levels also correlated with the percentages of live sperm postthaw (r ¼ 0.889, P , 0.01) and with the percentages of live 
Effect of Cryopreservation on Mitochondrial Membrane Potential and Relationship Between Mitochondrial Membrane Potential and Intracellular Thiol Content
The percentage of spermatozoa with active mitochondria in fresh samples was 55.4%, being reduced after cryopreservation to 20.4% (P , 0.0001) (Fig. 8A ). Strong and highly significant positive correlations were found between high mitochondrial membrane potential and the intracellular thiol content in stallion spermatozoa (r ¼ 0.885, P , 0.001) (Fig. 8C) .
DISCUSSION
In the present study, we investigated several molecular mechanisms behind sublethal damage occurring in stallion spermatozoa after freezing and thawing. Special attention was paid to intrinsic antioxidant defenses and the formation of electrophilic adducts during cryopreservation. The production of 4-HNE increased during the procedure concomitantly with active caspase 3. Interestingly, the levels of intracellular thiols showed a strong correlation with all of the parameters of sperm functionality that were screened. Moreover, the thiol concentration in fresh samples correlated to sperm functionality postthaw. To the best of our knowledge, this is the first report that cryopreservation causes a major depletion in intracellular thiol content in stallion spermatozoa, a depletion linked to an increased production of 4-HNE, finally triggering accelerated sperm senescence. To our knowledge, this is also the first report linking the intracellular content of thiols in fresh samples to sperm functionality postthaw. It is today widely accepted that the osmotic imbalance at thawing causes necrotic death in an average 50% of the cryopreserved spermatozoa [26] . It is also accepted that the surviving spermatozoa population experiences accelerated senescence, reducing their life span in the mare's reproductive tract [4, 27] . This latter point is particularly important because a shortened sperm life span requires spermatozoa deposition very near to ovulation. Because ovulation is still monitored manually in mares, this underlies the increased costs and constraints of AI with frozenthawed spermatozoa. Disclosing the molecular mechanisms behind the accelerated senescence in thawed spermatozoa will therefore impact equine breeding because new strategies to improve the quality of sperm doses could be developed. It has been proposed that increasing the life span of thawed samples 
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is the best strategy to increase the use of frozen-thawed spermatozoa [1] .
The importance of the mitochondria and ROS signaling has been recently emphasized, both in somatic cells and in spermatozoa [6, 28, 29] . Stallion spermatozoa have a particular high dependence on OXPHOS for ATP production compared to other species, which are more dependent on glycolysis [14] . This dependence on OXPHOS makes stallion spermatozoa produce high amounts of ROS [14] , to the extent that a high ROS production is detected in fertile stallion spermatozoa, which could be considered anomalous in other species [14] . It is possible that the particular composition of the lipids of the sperm membranes [30] makes stallion spermatozoa especially sensitive to oxidative stress [31] . Moreover, the high dependence of OXPHOS in this species would make them more prone to ROS imbalance. Although participation of cryopreservation-induced lipid peroxidation (LPO) is well recognized [5] , the supplementation of freezing media with antioxidants has not always been as beneficial in equine species as in others [32] [33] [34] . A possible explanation for these apparently paradoxical findings is that the dual roles of ROS as important signaling molecules and as toxic chemicals have been largely ignored in stallion reproductive medicine.
Traditionally, ROS have always been considered as detrimental rather than as signaling molecules under a critical balance. The concept of ROS homeostasis [6] ought to be introduced to improve our understanding of the role of ROS in cryodamage. With this concept in mind, we hypothesized that the exhaustion of intracellular antioxidant defenses may play a major role in ROS-induced cryodamage [5] . Our findings have provided evidence to support this hypothesis. In the first place, cryopreservation induced a dramatic depletion of intracellular thiols, which are predominantly located in amino acids, particularly cysteine [35] . Within the cell, the most abundant free thiol is GSH, which mediates the main mechanism of antioxidant defense against ROS and electrophiles and, interestingly, also is found in the mitochondria [17] . Thiols scavenge harmful molecules because they can conjugate with electrophiles, and reduced thiols defend against oxidative stress [35] . Thiols also have the capacity to regulate the redox status that controls various cellular signaling proteins in spermatozoa [36, 37] . As previously stated, a certain level of ROS is necessary for sperm maturation and processes such as hyperactivation, capacitation, and the acrosome reaction [29, 36] , but if ROS homeostasis is lost, they may induce LPO and DNA oxidation [38] , leading to the disruption of sperm function. 
MARTIN MUÑ OZ ET AL.
Under these circumstances, it is evident that spermatozoa must have a sophisticated antioxidant defense system, with thiols playing a major role.
Although a depletion of intracellular thiols linked to sperm senescence has been previously described in relation to prolonged in vitro incubation of human and horse spermatozoa [28, 39] , this is the first time, to our knowledge, that this phenomenon has been described as a result of sperm cryopreservation. The high correlations observed between intracellular thiol levels and sperm functionality in thawed stallion spermatozoa provides evidence supporting the link between thiol content, cryodamage, and accelerated senescence. Moreover, thiol levels in fresh samples correlated with sperm functionality postthaw, stressing the importance of these compounds. Further supporting this finding are studies in mice demonstrating that the exposure of oocytes to GSH, maintaining the thiol groups of cysteine residues, enhances the fertilization rate of mouse oocytes inseminated with frozenthawed spermatozoa [40] . In addition, stallion [41] and bovine [42] studies have shown the benefit of adding GSH to the cryopreservation media.
The sublethal damage that spermatozoa experience during cryopreservation has been linked to oxidative stress [43] . The osmotic stress during the procedure leads to structural damage in the mitochondria [44] . This damage impairs mitochondrial function and activates ROS release [45, 46] and the appearance of proapoptotic proteins [47, 48] . Oxidative damage leads to peroxidative breakdown of lipid bilayers and generation of toxic electrophilic adducts such as 4-HNE [39] , which further activate ROS generation and mitochondrial malfunction [39] , activating a self-perpetuating cascade that leads to premature sperm senescence. Here, we describe, to our knowledge for the first time, that cryopreservation leads to an increase in 4-HNE production in spermatozoa. The presence of dead spermatozoa in thawed samples increases oxidative stress, especially in presence of egg yolk [49, 50] . Major evidence supporting the role of oxidative stress in sublethal cryodamage, together with thiol depletion after thawing, was directly related to 4-HNE and THIOLS AND CRYOPRESERVATION OF STALLION SPERM caspase 3 activation. We have previously demonstrated that LPO during cryopreservation triggers apoptotic-like phenomena in thawed stallion spermatozoa [5] . The current results confirm this previous finding and identify 4-HNE as a major part of this process, though other lipid aldehydes, as well as intracellular thiols, may also be involved. When hierarchical gating was applied to investigate the relationship between 4-HNE and caspase 3, it was evident that spermatozoa with increased 4-HNE also had active caspase 3. The activation of caspase 3 has been recently linked to stallion sperm senescence during in vitro incubation [23] due to Akt dephosphorylation. We have already demonstrated a link between LPO and the activation of accelerated senescence [5] , although we could not find any relationship between antioxidants in seminal plasma and susceptibility to LPO. In the present study, however, the relationship among intracellular thiol content, peroxidative damage, and accelerated senescence was evident. These findings represent convincing evidence linking peroxidative damage, antioxidant defenses, accelerated senescence, and sublethal damage after cryopreservation.
In the present study, to establish relationships among different sperm parameters and to identify markers and/or inducers of sperm senescence, we used multicolor flow cytometry and hierarchical gating strategies. This approach was successful to identify specific subpopulations of spermatozoa, further demonstrating the great interest of multiparametric flow cytometry in the study of sperm biology.
In conclusion, sperm functionality postthaw is highly correlated with the maintenance of adequate levels of intracellular thiols. Moreover, the accelerated senescence of thawed spermatozoa is related to the oxidative and electrophilic stress induced by an increased production of 4-HNE in thawed samples. This finding may offer a molecular explanation for the lack of effect when exogenous antioxidants are supplemented to the freezing media, and it suggests that 4-HNE is a suitable target for developing new strategies to improve the quality of thawed stallion spermatozoa. This approach has been successful to increase the life span of fresh stallion spermatozoa [28] . Moreover, the high correlations observed between thiol levels in fresh spermatozoa and sperm functionality postthaw suggest that selection of ejaculates with a high thiol content may be a suitable strategy to improve the quality of the frozen samples in the equine industry.
